INTRODUCTION {#sec0005}
============

The threshold between normality and disease is not---and has not---always been clear; senile dementia, for instance, was still conceived as a normal process of the aging mind when the seminal paper by Alois Alzheimer appeared in 1907. In his "*Über eine eigenartige Erkrankung der Hirnrinde*" (About a peculiar disease of the cerebral cortex) \[[@ref001]\], the German psychiatrist achieved to correlate the cognitive deterioration of one of his patients, Auguste D., with distinctive histopathological features present in her brain after postmortem examination. Alzheimer described an atrophic brain with unusual deposits in the cortex and prominent neurofibrillary pathology, which in our days are referred to as *senile plaques* and *neurofibrillary tangles*, respectively, and still constitute the two histopathological hallmarks of choice in the postmortem diagnosis of Alzheimer's disease (AD). Though, more importantly, such findings marked a starting point: they proved the existence of an *actual* organic disease that could *potentially* be treated.

In the late 1980s, studies of the molecular pathology underlying AD led to important initial discoveries. Amyloid-β (Aβ) peptide was found to be the main component of senile plaques \[[@ref002]\] and the Aβ coding-gene, later on named *Amyloid Precursor Protein* (AβPP), was cloned and localized in chromosome 21 \[[@ref004]\]. The observation that trisomy 21 (Down's syndrome, DS) invariably caused AD dementia \[[@ref008]\] culminated in the formulation of the Amyloid Cascade Hypothesis \[[@ref009]\], according to which the initial deposition of Aβ peptide in the brain parenchyma was the central event driving AD pathogenesis. One decade later, in the late 1990s, the "Beta-site AβPP cleaving enzyme-1" (BACE1) was identified as the protease catalyzing the rate-limiting step in the excision of Aβ peptide from its precursor holoprotein \[[@ref013]\]. Thus, the aspartyl protease BACE1 entered the scene at the epicenter of AD pathophysiology, making the thorough comprehension of its biological regulation a scientific endeavor of prime importance in order to solve the riddle of AD neurodegeneration.

More than a century has elapsed since Alzheimer's pioneering discovery at the turn of the twentieth century and the disease that bears his name continues to be a major burden for the health of the elderly, affecting ∼35 million of people worldwide---an estimative which is predicted to increase to over 100 million people by 2050 \[[@ref018]\]. The Amyloid Cascade Hypothesis, which emerged as a synthesis of genetic and histopathological observations, has dominated research over the last two decades. However, all the Aβ-centric approaches that have reached phase III clinical trials have failed \[[@ref019]\], and the quest for new therapies to prevent the disease, delay its onset, slow its progression or ameliorate its symptoms remains largely unsuccessful. Therefore, it is timely to put the focus on the shadows of the amyloid cascade hypothesis so that the light of new ideas can contribute to bring new impulses in the field of AD research. Indeed, pursuing non-amyloid research approaches in AD is gradually being felt as a deep and urgent need for the field \[[@ref022]\].

In this regard, it is generally acknowledged that Aβ plaque burden does not correlate with cognitive impairment \[[@ref023]\] and that the deposition of Aβ peptide neither correlates with the presence of neurofibrillary tangles (made of hyperphosphorylated microtubule-associated protein tau), cell loss nor dementia \[[@ref026]\]. Mutations in genes related to Aβ peptide generation do cause AD in a dominant autosomal inheritable fashion, but the total number of early onset familiar AD cases is very low (∼5%) compared with sporadic AD (SAD), which is the major form in which the disease manifests and is triggered by other mechanisms than mutations in AβPP or its processing enzymes. In addition, the Amyloid Cascade Hypothesis cannot provide a satisfactory link between the number of amyloid plaques and tau lesions, failing to incorporate within its conceptual framework one of the most crucial issues in AD pathophysiology, i.e., the precise mechanistic and temporal relationship connecting tau pathology with Aβ peptide deposition. Bringing these facts into full consciousness, some authors have raised the criticism that a role for Aβ peptide in all AD cases might have been unduly extrapolated from genetic evidences suggesting a role for an altered AβPP processing in early onset familiar AD (FAD) \[[@ref027]\].

In parallel, research in the biology of BACE1 has unveiled other substrates for this protease beyond AβPP. For instance, BACE1 modulates peripheral nerve myelinization through the shedding of neuregulin-1 (NGL-1), a surface receptor involved in neuron-glia signaling \[[@ref028]\]. BACE1 also cleaves the voltage gated sodium channels β2 \[[@ref030]\] and β4 \[[@ref031]\] subunits, regulating membrane excitability \[[@ref030]\] and neurite length \[[@ref031]\]. Recently, more systematic approaches for the identification of novel BACE1 substrates have been carried out \[[@ref032]\], uncovering 34 neuronal membrane proteins requiring BACE1 for their shedding \[[@ref033]\], which corresponds to 19% of the total 183 shed membrane proteins in neurons. These novel results have definitely changed the previous view that BACE1 was a sheddase for only a few specific proteins. On the contrary, according to the new compelling evidences, BACE1 emerges as a major contributor to the shedding process in neurons, side by side with other proteases considered to be major sheddases in the CNS, such as the metalloproteases ADAM10 or ADAM17. Furthermore, the newly identified BACE1 substrates point to a central function of this protease in neurite outgrowth and synapse formation, a finding in frame with previous neurophysiological observations linking BACE1 activity with long-term potentiation and memory acquisition \[[@ref037]\].

As AD is a pathology which primarily compromises memory, and taking into account the stagnation of the purely amyloid paradigm, it seems not reckless to seek for common nexus connecting the molecular mechanisms of AD and memory formation; treating them not as two unrelated phenomena taking place in parallel, but as two sides of the same coin. Why not bridging, whenever possible, neurodegeneration with memory acquisition will help us gain new insights into fundamental memory processes putatively disrupted in AD, which can eventually inspire new therapeutic approaches?

From this perspective, translational control of gene expression can contribute a significant share in the unification of these two fields, as the control of protein translation is a process chiefly involved in both sides of the spectrum. On the one hand, local control of protein synthesis at synapses is crucial for synaptic plasticity \[[@ref039]\] and memory processing \[[@ref044]\] (reviewed in \[[@ref056]\]) and, on the other hand, disrupted protein translation---and more specifically, undesirable BACE1 translational activation---is a mechanism suggested to be involved in the triggering of SAD \[[@ref069]\].

Our first aim in this review has been to update the current knowledge about the molecular mechanisms governing BACE1 translation and its implications for cellular physiology. A quick overview to BACE1 transcript immediately reveals the presence of prominent untranslated regions (UTRs) flanking the open reading frame, which are indicative *per se* of a tightly regulated translation ([Fig. 1](#adr-3-adr180089-g001){ref-type="fig"}). BACE1 3'UTR is very long (∼3,8 Kb) and contains sequences that facilitate mRNA localization in dendrites by the CPE-binding protein (CPEB). But here we draw our attention preferentially to the 5'UTR, a ∼500 bp-long sequence that gates BACE1 translation initiation intertwining two levels of complexity: 1) structured secondary conformation arising from a high GC content, and 2) the presence of upstream open reading frames (uORFs) interspersed in the sequence.

![BACE1 open reading frame flanked by its 5' and 3' untranslated regions (UTRs). Schematic representation depicting BACE1 transcript structure. Note how BACE1 3'UTR is almost 2.5 times larger than the protein coding region (ORF). In addition, BACE1 3'UTR contains two cytoplasmic polyadenylation (CPE) motifs (UUUUAU) and accessory sequences (AAUAA) that facilitate dendritic mRNA sorting by the CPE-binding protein (CPEB) \[[@ref307]\]. BACE1 5'UTR, in turn, gates translation initiation combining the inhibitory effect of 1) upstream initiation codons (uAUGs) and 2) stable secondary structure deriving from a high GC-content (∼75 %).](adr-3-adr180089-g001){#adr-3-adr180089-g001}

In particular, as we will later discuss, the regulation of BACE1 translation initiation by uORFs provides a molecular foundation upon which: 1) Stress-driven BACE1 expression in pathological conditions; 2) BACE1 physiological expression in the context of nitric oxide signaling; 3) The balance in the phosphorylation state of translation initiation factors required for memory consolidation; 4) A putative mechanistic link between insulin resistance, BACE1 translation, and tau phosphorylation -- all this can be integrated resting on a *single* molecular mechanism.

Nonetheless, complex biological phenomena such as AD or memory cannot be traced to single isolated molecular mechanisms, as a general rule; thus, to avoid falling prey of such a reductionist temptation, we include a chapter in which we discuss other interesting aspects of BACE1 biology that have recently come to light. In this chapter, we review the recent advances made in the elucidation of intracellular degradative pathways that, altered as they are in SAD, disrupt the normal balance of BACE1 activity in neurons.

As mentioned before, synaptic plasticity and memory acquisition have been proposed over the last years as biological activities in which BACE1 might be involved *physiologically*. However, as BACE1 activity was originally identified when reconstructing the "criminal scenario" of Aβ deposition in the AD brain, we wanted to open this review with a chapter dedicated to describe the details of BACE1 discovery and the relevance of β-secretase activity in AD pathogenesis. This allows us to describe how the amyloid cascade hypothesis was originated, and the good reasons that led this scientific paradigm to be the dominant hypothesis driving research in the AD field in the last decades.

Finally, we close the review with a chapter devoted to do some speculation on the issues covered throughout the review. Speculation in science can be dangerous or misleading, but it is nevertheless the fuel needed to spark the fire of further developments. As the English poet William Blake (1757--1827) once put it, "*all that has been proved, was first imagined*". Hence, we make use of our imagination to pull all the threads at our hands originating from the molecular mechanisms minutely discussed throughout the text. In this regard, deep reflection on the role played by proteases such as BACE1(both in AD and in synaptic plasticity) led us to venture a new perspective on the neurobiological basis of learning and memory, according to which not unilateral growth and synaptic strengthening, but also dismantling and destabilizing processes, might be required as biological substrates supporting cognition.

Such an assertion might be shocking for the un-expecting reader. But, if visual perception arises from a continuous self-renewing destruction of the visual pigments in the retina, why thinking (and the ensuing cognitive capacities) could not be related to its neuronal substrate in a similar manner?

THE DISCOVERY OF BACE1 IN THE CONTEXT OF THE AMYLOID CASCADE HYPOTHESIS {#sec0010}
=======================================================================

Notwithstanding the weaknesses mentioned before, the amyloid cascade hypothesis continues so far to be the best encompassing conceptual framework we have at our disposal to explain the etiology of AD. Hence, newer perspectives on the etiology of this devastating disorder will necessarily have to incorporate the solid genetic basis in which the amyloid hypothesis is built, as well as the large body of experimental evidences it has brought to the surface in the last twenty-five years of research.

Indeed, the discovery that AD could be inherited in an autosomal dominant fashion was a turning point in AD research \[[@ref072]\]. The mutation was found in the gene coding for AβPP, the integral transmembrane precursor holoprotein from which Aβ peptide is generated via sequential cleavages at two specific sites, which were then named as *γ*- and β-secretase sites respectively. The term "secretase" was the operative nomination used to designate those enzymatic activities responsible for AβPP cleavage, while the ultimate identities of the actual proteases active upon AβPP awaited to be discovered. In the case of the protease behind β-secretase activity, the quest for its identification crystallized at the turn of the millennium, in the biennium 1999-2000, when the work of five independent groups converged in the identification of BACE1 as the β-secretase active in the CNS \[[@ref013]\]. These works combined three different approaches, including conventional protein purification \[[@ref014]\], expression cloning \[[@ref013]\], and bioinformatics \[[@ref015]\].

Meanwhile, the Amyloid Cascade Hypothesis (originally inspired by the phenotypical semblance between AD and DS premature dementia), had been articulated on the basis of the newly localized AD-causative genetic mutations in AβPP gene \[[@ref009]\] ([Fig. 2](#adr-3-adr180089-g002){ref-type="fig"}A). Indeed, this initiative was to receive a further enthusiastic impulse with the discovery that the catalytic subunit of the multimeric protein complex responsible for *γ*-secretase activity was no other than presenilin-1 \[[@ref074]\]: a gene in which, together with its homologue presenilin-2, mutations causative of inheritable FAD had been previously identified \[[@ref075]\].

![Point mutations in AβPP and its processing by BACE1. A)"*Framing* β *-amyloid*". Snapshot from an article by Prof. John Hardy \[*Framing* β *-amyloid*, Nature Genetics 1, 233--234 (1992)\] showing the initial AD-causative mutations (labelled as "AD" in the figure) that were discovered in AβPP. Today more than 15 disease-causing mutations are known to impact AβPP. For a recent personal account by Prof. Hardy on the story of how AD-causative mutations in AβPP were discovered, and how this led to the formulation of the amyloid hypothesis, you can see \[[@ref084]\]. Image reproduced with permission. B) *BACE1 participation in A* β *PP processing*. Amyloid-β (Aβ) peptide is excised out of the amyloid precursor protein (AβPP) via sequential cleavages catalyzed by BACE1 and the *γ*-secretase complex, respectively. Inhibition (of both proteases) is an actively prosecuted goal as a pharmacological strategy in AD therapy. Nevertheless, all of the synthesized inhibitors to date have repeatedly failed in clinical trials. C) Scheme showing AD pathogenic mutations on AβPP affecting the β-secretase cleavage (in red), the β'-secretase cleavage (in blue), the *α*-secretase cleavage (in purple), and the *γ*-secretase cleavage (in orange) of AβPP. Those mutations affecting the aggregation of the peptide are highlighted with a "\*" symbol, while those mutations affecting the degradation of the peptide are indicated with a "\*\*" symbol. The symbol \# is used to indicate the mutations that are pathogenic for cerebral amyloid angiopathy, while the symbol "?" indicates that the mechanisms of pathogenesis remains unknown for that particular mutation.](adr-3-adr180089-g002){#adr-3-adr180089-g002}

During the following years, the observation that AβPP locus duplication on chromosome 21 was linked to autosomal dominant early-onset FAD and cerebral amyloid angiopathy contributed to further establish the importance of AβPP gene dosage in AD \[[@ref078]\]. In parallel, newer mutations causative of early-onset FAD were being discovered in a yearly basis, to the point that more than 200 distinct disease-causing mutations are known today \[[@ref019]\]. The totality of these mutations impact either AβPP or one of the two presenilin genes, influencing Aβ metabolism in one way or another. Paradigmatically, mutations in AβPP are located within the region codifying for Aβ-peptide or in the vicinity of *γ*- and β-secretase cleaving sites. For instance, some mutations located in the middle domain of the Aβ region have been shown to increase the degree of Aβ-peptide aggregation (*Dutch* and *Arctic* mutations) \[[@ref079]\]. Other mutations make AβPP a more efficient substrate for BACE1 cleavage, thus increasing the levels of Aβ production (Swedish mutation) \[[@ref082]\]. However, the vast majority of AβPP mutations and all of the mutations found in presenilins drift Aβ metabolism toward the production of the more aggregant 42-aa isoform of the peptide (Aβ~1--42~) \[[@ref083]\]. In summary, this recollection of genetic evidences seemed to point clearly toward Aβ production and aggregation as crucial events driving the disease, thereby placing BACE1 activity as a main proximal event in AD triggering ([Fig. 2](#adr-3-adr180089-g002){ref-type="fig"}B).

Further research revealed the nature of the neurotoxic effects derived from A βpeptide production ([Fig. 3](#adr-3-adr180089-g003){ref-type="fig"}). Soluble Aβ turns neurotoxic when misfolded in β-sheet fibrils, which were found to be a source of oxidative stress \[[@ref085]\]. The lumen of Aβ protofibrils forms a suitable microenvironment for the production of hydrogen peroxide \[[@ref086]\], an upstream generator of oxidative stress in the intracellular milieu through a series of redox chained reactions. Moreover, the highly diffusible nature of hydrogen peroxide, which penetrates freely through biological membranes, made it likely that Aβ toxicity could be in this way spread away from the original focus of Aβ-fibril deposition \[[@ref089]\]. These findings were aligned with the previous notion that oxidative stress was intimately linked to AD pathology \[[@ref090]\]. Interestingly enough, oxidative stress induces BACE1 expression both at the transcriptional \[[@ref093]\] and translational levels \[[@ref070]\], thus promoting a positive feed-back loop between amyloidogenesis and oxidative stress.

![Cascade of neurotoxic effects deriving from Aβ peptide aggregation. Soluble monomers of Aβ peptide aggregate into different species (oligomers, protofibrils, larger fibrils). Neurotoxic effects attributed to each aggregative state are indicated in capital letters in the right column of the figure. Up to the present day, the relative contribution of each Aβ-species to the overall neurotoxicity-effect in AD remains a subject of intense debate. Little arrows indicate the presence of protofibrils in the middle transmission electron microscopy (TEM) panel. Image magnification: × 40,000, for oligomers and larger fibrils; for protofibrils, lower right scale bar equals 200 nM.](adr-3-adr180089-g003){#adr-3-adr180089-g003}

However, not fibrillar Aβ --- but its oligomeric forms --- are thought to be more decisive determinants of Aβ-mediated neurotoxicity. Aβ-oligomers cause synaptic dysfunction ([Fig. 3](#adr-3-adr180089-g003){ref-type="fig"}), a phenomenon believed to be at the base of the neurological symptoms affecting AD sufferers \[[@ref094]\]. Interestingly, Aβ-oligomers trigger a burst in oxidative stress through the activation of N-methyl-D-aspartate (NMDA) receptors, causing synaptic damage \[[@ref095]\]. In this regard, the fact that synaptic loss strongly correlates with the cognitive impairment occurring in AD \[[@ref096]\] (reviewed in \[[@ref097]\]), whereas fibrilar Aβ deposition correlates poorly with cognitive phenotypes, further contributes to support the notion of the preeminence of Aβ-oligomers to neuronal toxicity in comparison to its larger aggregates. Nonetheless, this issue is not empty of controversy, as the exact molecular composition of oligomers and their precise mechanism of action remains elusive. Some authors claim that, despite the fact that soluble oligomers induce several features of AD pathology, this does not necessarily imply that Aβ-aggregates and plaques are devoid of neurotoxic effects significant to the overall neurodegenerative process. From a purely mechanical perspective Aβ-aggregates are able to disrupt axonal and dendritic trafficking, therefore contributing to neuronal toxicity \[[@ref098]\]. Large Aβ-aggregates can also activate the microglia and astrocytes surrounding the plaques, leading to pro-inflammatory responses comprising the release of excitatory aminoacids, contributing thus to induce exitotoxicity in neighboring cells, as well as the release of oxidative species which, as mentioned above, stimulate BACE1 transcription \[[@ref093]\] and translation \[[@ref070]\]. Hence, while the relative contribution of oligomers, protofibrils and larger Aβ-aggregates remains a subject of intense debate, the relevance of BACE1 is not affected by this controversy, being the activity of this protease, together with that of the *γ*-secretase complex, the proximal cause of Aβ peptide production and all its ensuing aggregative forms.

Therefore, BACE1 occupies a central place in AD molecular pathology, constituting, from a strictly logical standpoint, a suitable target for Aβ-lowering therapies designed to treat AD \[[@ref099]\]. At the same time, however, careful simultaneous attention should be drawn to the myriad of physiological substrates cleaved by BACE1 in order to prevent unwanted side-effects resulting from BACE1 inhibition \[[@ref100]\]. Furthermore, an important fact must be borne in mind, which is of special interest for this review: in the brain of SAD sufferers there is an increase in BACE1 protein, which is not paralleled by a rise in BACE1 transcript levels \[[@ref104]\]. In other words, when coming into terms with BACE1 in SAD we enter the realm of either abnormally increased protein translation or abnormally decreased protein degradation.

The details of the molecular and cellular mechanisms controlling these two aspects of BACE1 biology will be covered throughout the following chapters.

MOLECULAR MECHANISMS GOVERNING BACE1 TRANSLATION {#sec0015}
================================================

The observation that BACE1 protein expression was upregulated in brains of SAD patients \[[@ref104]\] independently of the levels of its preexisting mRNA clearly suggested the existence of translational mechanisms at work with a potential influence in the pathogenesis of AD, stimulating therefore an active research in the field directed to uncover the molecular determinants governing BACE1 translation from its transcript.

In particular, BACE1 5'untranslated region (5'UTR) presented homologous features when compared with the 5'UTRs of genes (such as proto-oncogenes or cytokines) whose translation was known to be strictly regulated in accordance with an optimal physiological performance of these gene-products in the context of delicate cellular equilibriums. In this regard, whereas most vertebrate transcripts bear short (less than 200 nt) and unstructured 5'UTRs, BACE1 5'UTR on the contrary was long (∼500 nucleotides), had a rich GC content (∼75%), contained upstream initiation codons (uAUGs) and was highly conserved among species. All these features were indicative of an important regulatory role of BACE1 5'UTR over the ensuing translation of that protease so intimately linked to Aβ-peptide production. Therefore, the mysteries of BACE1 translational activation caught the attention of molecular biologists active in the AD field, in a quest that was foreseen to be of pivotal importance for attaining a better comprehension of AD pathogenesis.

In this chapter, we first describe the molecular mechanisms intervening in translation initiation, with a special emphasis on those molecular players that are relevant to a specific model proposed for BACE1 translation initiation. We continue describing the original works that revealed how the molecular determinants present in BACE1 5'UTR governed BACE1 translation, an exciting scientific race that culminated in the quatriennium 2004-2007, when the results of this enterprise (widely based on extensive molecular biology approaches) came gradually to the public domain. Noteworthy, as in any active research field with different contributors spread around the world, the results of these works were not unanimously aligned: controversies arouse specially in the attribution of the relative importance of uAUGs as mediators of BACE1 translational control.

Hence, after describing the current state of the art regarding the knowledge about BACE1 5'UTR role in regulating translation, we pay special attention to the "uAUGs controversy" and its possible interpretations. Then, we move forward following the thread leading from the mechanistic implicit in uAUGs as molecular determinants influencing BACE1 translation to its wider connection with cellular physiopathological scenarios that converge on the modulation of *ternary complex availability*, which are tripartite molecular assemblies crucially involved in translation initiation.

Translation initiation at a glance {#sec0020}
----------------------------------

This chapter recapitulates some fundamental aspects of translation initiation, which will enable the non-translation expert to follow easily the implications beyond the leaky scanning & reinitiation model proposed for BACE1 translation initiation (see next section).

To initiate protein translation, the first Methionine of the nascent polypeptide chain (*initiator* Methionine, Met~i~) is loaded into an initiator transfer RNA (tRNAi). The latter provides the molecular basis (anticodon) for recognizing the initiation codon (AUG) in the mRNA through base-pairing. In initiation codon recognition, a tripartite interaction takes place between the small ribosomal subunit (40S), the RNA sequence (belonging to the transcript to be translated) and a ternary complex containing Met-tRNA~i,~eukaryotic initiation factor-2 (eIF2) and GTP ([Fig. 4](#adr-3-adr180089-g004){ref-type="fig"}A--C). The formation of the ternary complex is thermodynamically favored by eIF2-GTP, whereas other initiation factors intervene favoring the loading of eIF2-GTP onto the 40S ribosomal subunit. For AUG recognition and commitment of the ribosome to complete the initiation pathway, the consumption of the energy contained in the third phosphate bond of the GTP molecule is necessary, a process rendering a low energy eIF2-GDP complex as an end-product. Thus, to maintain protein synthesis as an active metabolic process, a third player enters the scene: the guanine-exchange factor eIF2B, which restores the lost GTP molecule to eIF2 so that fresh active ternary complexes can be formed anew to foster translation initiation ([Fig. 4](#adr-3-adr180089-g004){ref-type="fig"}D).

![Role of ternary complexes in translation initiation. eIF2 recycling & ternary complexes regeneration. A) Eukaryotic initiation factor 2 (eIF2) is a heterotrimeric protein consisting in three subunits (*α*, β, *γ*). eIF2 binds a GTP molecule in its *γ*-subunit, while phosphorylation at serine 51 of the *α*-subunit modulates its interaction with eIF2B. B) eIF2 forms a *ternary complex* with the *initiator transfer* RNA coupled to the corresponding *Methionine* (Met-tRNAi), and a GTP molecule docked at the *γ*-subunit of eIF2. Note that tRNAi appears depicted in the diagram as a dark backbone finishing with three tips symbolizing the anticodon. C) Ternary complexes (the formation of which is thermodynamically favored by eIF2-GTP) are loaded in to the 40S ribosomal thanks to the intervention of other translation factors. D) Translation initiation is a GTP-dependent process. The energy resulting from the hydrolysis of the eIF2-bound GTP is required for initiation codon recognition and commitment of the ribosome to complete the initiation pathway. As a result, a low energy eIF2-GDP complex is released after each round of translation initiation. eIF2B is the guanine exchange factor (GEF) refueling eIF2 with new energy-rich GTP molecules. This process yields new active ternary complexes ready to engage in new cycles of translation initiation.](adr-3-adr180089-g004){#adr-3-adr180089-g004}

Anticipating what will be thoroughly discussed in the next chapter, efficient recognition of upstream AUGs (uAUGs, i.e., initiation codons located upstream of the main AUG) in the BACE1 5'UTR prevents the translational machinery from reaching the main BACE1 open reading frame (ORF), thereby shutting down protein translation ([Fig. 5](#adr-3-adr180089-g005){ref-type="fig"}). The question, however, is how this repression may be eventually bypassed: which is the mechanistic basis accounting for BACE1 translation de-repression?

![uAUGs contribution in gating BACE1 translation. BACE1 *transcript leader*, alternatively named *5*'*untranslated region* (5'UTR), hinders BACE1 translation initiation under basal conditions. Upstream initiation codons (uAUGs) present in BACE1 5'UTR "seduce" the small ribosomal subunit and prevent it from reaching the main open reading frame (ORF). As a consequence, BACE1 translation will be kept at a low, insignificant rate. This situation will be reversed only following a drop in ternary complex availability.](adr-3-adr180089-g005){#adr-3-adr180089-g005}

Summarizing in just a few words, such translational repression as that of BACE1 can be overcome when there is a drop in ternary complex availability. The former assumption implies, nonetheless, the preeminence of a leaky scanning & reinitiation model applied to BACE1 translation (see next section). In this particular scenario, the ribosome has a lower probability of encountering an active ternary complex when scanning through the uAUGs, and therefore has an enhanced probability to skip them, reaching thereby the main AUG to start protein synthesis: this is how the leaky scanning & reinitiation model accounts for the activation of the otherwise repressed BACE1 protein synthesis ([Fig. 6](#adr-3-adr180089-g006){ref-type="fig"}).

![BACE1 translation facilitation. BACE1 translational repression can be by-passed by ribosomal *leaky scanning* & *reinitiation*, a condition requiring a lowering in ternary complex availability. As depicted in the diagram, when ternary complex availability is high (A, basal conditions) translation initiation can occur at high frequency at the uAUGs, preventing translation of BACE1 from its main ORF. Conversely, when the availability of ternary complexes diminishes (B) there is a drop in the formation of active ribosomal complexes, leading to a decreased recognition of upstream AUGs (*ribosome leaky scanning*) and to a and more frequent recognition of the main ORF allowing BACE1 protein synthesis to start. s.r.s., small ribosomal subunit.](adr-3-adr180089-g006){#adr-3-adr180089-g006}

Hence, BACE1 protein expression is facilitated in conditions that lower the availability of ternary complexes. Such thing happens when the regenerating activity of the guanine exchange factor eIF2B is blocked, which can occur through two alternative paths ([Fig. 7](#adr-3-adr180089-g007){ref-type="fig"}): directly, by glycogen synthase kinase 3 beta (GSK3β)-mediated inhibitory phosphorylation \[[@ref108]\], or indirectly, through competitive blockade by phosphorylated eIF2*α* \[[@ref109]\]. Furthermore, as eIF2*α* is expressed at much higher levels than its counterpart eIF2B, modest shifts in eIF2*α* phosphorylation suffice to block eIF2B activity considerably.

![Intracellular signaling converging in eIF2B inhibition. The guanine-exchange activity of eIF2B can be modulated in response to stimuli conveyed by two alterative pathways. On the one hand, phosphorylation of the eukariotic initiation 2-alpha (eIF2*α*) is mediated by four different stress-activated eIF2*α* kinases (PERK, PKR, HRI, and GCN2), resulting in a competitive blockade of eIF2B. On the other hand, the otherwise constitutively inhibited Glycogen synthase kinase 3β (GSK3β), when released from its inhibition, catalyzes a direct inhibitory phosphorylation upon eIF2B. s.r.s., small ribosomal subunit.](adr-3-adr180089-g007){#adr-3-adr180089-g007}

Therefore, intracellular signaling cascades culminating in either GSK3β activation or eIF2*α* phosphorylation have the potential of facilitating BACE1 protein synthesis from its translationally dormant transcript ([Fig. 7](#adr-3-adr180089-g007){ref-type="fig"}). Remarkably enough, GSK3β is one of the main kinases responsible for protein tau phosphorylation\[[@ref110]\] (reviewed in \[[@ref111]\]); therefore, it is worth noticing how GSK3β activity may constitute a node mechanistically connecting amyloidogenesis (through BACE1 translational activation) and neurofibrillary tangles (through tau phosphorylation).

The discovery of translation initiation determinants present in BACE1 5'UTR {#sec0025}
---------------------------------------------------------------------------

Two pioneering works devoted to the study of BACE1 transcript leader run their course with a striking chronological coincidence in the northern and southern sides of the Alps mountain range, a casual geographical symmetry that was added to the synchrony in time and scope of these two seminal papers on BACE1 5'UTR, which were carried out in laboratories located at the cities of Milano and Munich respectively \[[@ref112]\].

The first of these two reports by De Pietri Tonelli and colleagues \[[@ref112]\] appeared published on-line at the beginning of March 2004. The author's initial observation was that one of the uAUGs in BACE1 5'UTR (the second one) was in a good context for translation initiation, which meant that this uAUG could potentially be recognized by the ribosome with at least the same efficiency as the main AUG, leading thereby to translational inhibition of the main BACE1 ORF ([Fig. 5](#adr-3-adr180089-g005){ref-type="fig"}). By working with reporter genes, the authors demonstrated that---as predicted---the second uAUG was efficiently recognized by the translational machinery and exerted a prominent repression on translation, while mutations of the three other uAUGs had an additive effect in releasing the translational block imposed by the BACE1 5'UTR. In accordance with these findings, the Milano group hypothesized that ribosome skipping through the uAUGs (leaky scanning) was the putative mechanism by which the main BACE1 ORF was eventually reached, being the second uAUG, which as a matter of fact was positioned in a better Kozak context for translational initiation, the main responsible for the overall inhibitory effect on BACE1 translation. Importantly, De Pietri Tonelli et al. were the first to propose, in line with the core of their original discovery, that eIF2*α* phosphorylation could be a mechanism underlying BACE1 translational de-repression through the avoidance of ribosomal recognition of the second uAUG.

A second report by a group in Munich came to light soon after, appearing in its on-line version at the end of May 2004. In this work, Lammich et al. \[[@ref113]\] also investigated the putative inhibitory effect of BACE1 5'UTR over translation initiation. In agreement with their colleagues in Milano, they too brought forth compelling evidences that BACE1 long transcript leader caused translational repression, showing in addition that the 3'UTR did not have any effect on translation. However, Lammich et al. approached the study of BACE1 5'UTR directing their attention primarily to the fact that, besides the presence of uORFs in good context for translation initiation and its potential inhibitory effect on translation, the high GC content found in the long BACE1 5'UTR could induce its folding into stable secondary RNA structures that would compromise translation initiation. By mutagenesis approaches targeting the uAUGs followed by transfection into a HEK293-AβPP cell line, the authors showed that the main cause of BACE1 protein expression repression in this model was the presence of the *integral* 5'UTR sequence, whereas mutation of the single uAUGs (either individually, or combined) contributed only modestly to rescue BACE1 protein expression, which was never found to reach the high levels of expression detected by immunoblot when the empty plasmid lacking the 5'UTR was transfected. This result supported the hypothesis that the GC-rich sequence in BACE1 5'UTR formed a tightly folded secondary structure which was the major element determining translational repression. At this point, to further investigate this phenomenon, Lammich and colleagues proceeded to inflict ablations upon larger regions comprised within the BACE1 5'UTR, determining thereby that wider regions of the sequence---and not single upstream initiation codons---caused the largest part of the translational block exerted over BACE1 expression when exogenously transfected. Thus, they concluded that the main responsible of suppressing BACE1 protein expression were not the uAUGs, but the GC-rich region interspersed throughout the 5'UTR, which formed a constitutive translation barrier able by itself to prevent the ribosome from effectively translating BACE1 mRNA, while the uAUGs accounted only to a minor extent in repressing BACE1 translation.

To add more complexity to this intricate issue, a third report had appeared (also at the beginning of March 2004) by Rogers et al. \[[@ref114]\] pointing toward yet another different mechanism, in addition to eIF2*α* phosphorylation, by which the translational repression imposed by BACE1 5'UTR could be overcome: ribosomal shunting, a mechanism originally described in viral RNAs by which the ribosome skips large regions of mRNA containing stable secondary RNA structures and/or uORFs to land upstream of the main initiator AUG to start translation. Two years later however, Zhou and Song published a new report about BACE1 translation \[[@ref115]\] in which they discarded ribosomal shunting considering it to be a rare mechanism in mammals. Bringing back the argument to the point originally raised by De Pietri Tonelli and colleagues \[[@ref112]\], Zhou et al. reported that the fourth uAUG of the human BACE1 5'UTR could function efficiently as a translation initiation codon and had an inhibitory effect on translation, while the rest of the uAUGs were skipped over as translation initiation codons by leaky ribosomal scanning. The fourth uAUG in Zhou et al. work corresponded to the *second* uAUG pointed out to be the main responsible for BACE1 translational inhibition in De Pietro Tonelli et al. work two years before \[[@ref112]\]. The reason for this unmatched numbering of uAUGs was to be found in the fact that the recent work published by Zhou et al. had been carried out using a larger BACE1 5'UTR (transcribed from a ∼200 nucleotides upstream *tsp*) which contained two extra uAUGs. Thus, based on their new results, Zhou et al. concluded that leaky scanning in the 5'UTR and reinitiation at the physiological BACE1 AUG site were responsible for the low levels of expression of BACE1 under basal conditions, and therefore the original hypothesis by De Pietri Tonelli et al. on the preponderant effect of the second/fourthu AUG *on* translational repression regained momentum.

One year later, in 2007, the intellectual challenge brought about by Lammich and colleagues, who had stressed the preeminence of the GC-rich translational barrier over the inhibitory role of uAUGs \[[@ref113]\], was responded by the Milano group with a work in which an extensive mutational analysis of uAUGs had been carried out. In this report, Mihailovich and colleagues \[[@ref116]\] convincingly showed, mainly through the use of reporter constructs, that all four uAUGs affected translation, but to a different extent, being the second uAUG efficiently recognized whereas the others were probably skipped by leaky scanning. This was then the *third* report highlighting the second uAUG as the main inhibitory element in BACE1 5'UTR, while, according to the author's report, mutation of the other uAUGs contributed to fully de-repress translation.

Although the results obtained by this approach were compelling, an ulterior concern about its interpretation arouse. The use of reporter constructs (in which the native sequence of BACE1 ORF was replaced by that of firefly or renilla luciferases) was regarded as potentially misleading because, it was thought, an exogenous sequence cloned immediately downstream BACE1 5'UTR might abrogate, or at least alter, the formation of stable secondary structures in the vicinity of the 5'UTR with the ORF, underrating therefore its barrier effect on translation.

Nonetheless, a rather similar criticism could be directed to the transfection experiments by Lammich et al. \[[@ref113]\] seemingly showing a predominant inhibitory effect of the GC-rich translational barrier. In the presentation of these experiments, the reference value for BACE1 protein expression was set to be the empty plasmid lacking the 5'UTR, which indeed reached very high levels of expression indicative of the inhibitory role exerted by the *full-length* 5'UTR. From this primal observation, the authors proceeded to evaluate the possibility to rescue BACE1 expression by mutating the uAUGs, showing that the very high levels yielded by the empty plasmid were never reached when the uAUGs had been mutated. However, it should be noted that this setting does not correspond with the real physiological scenario, in which the transcript encoding for BACE1 always bears the full length 5'UTR \[[@ref116]\]. Therefore, to assess the relative importance of the inhibitory effect of AUGs on translation, one must definitely take into account the presence of the full-length 5'UTR itself, a condition that is irremediably lost by the ablation approaches carried out by Lammich and colleagues \[[@ref113]\].

Indeed, defining the specific relevance of the uAUGs is not a simple issue. The use of analytical molecular biology techniques, reporter constructs, mutagenesis, deletions, necessarily fails to grasp the wholeness of the phenomenon, i.e., the actual occurring interplay among all molecular determinants present in BACE1 5'UTR, and its biological significance in repressing the expression of this protease. Probably, the central question is not whether the folding into stable secondary structures predominates over the inhibitory role exerted by the uAUGs or vice versa, but to which extent these two determinants complement themselves to govern the rate of BACE1 translation initiation. Most likely, translation factors with helicase activity may be differentially modulated in different cell types and/or physiological states, thereby unwinding secondary structures along BACE1 5'UTR to different extents, which in turn would let BACE1 translation activation rest upon mechanisms related to uAUGs leaky scanning (such as eIF2*α* phosphorylation). This would give BACE1 translational activation a certain plasticity of output according to subtle changes in different pathophysiological cellular states.

In addition, however, a strong hint about the importance of the uAUGs emerges from their evolutionary conservation among orthologues, which is suggestive *per se* of a relevant biological function associated to these upstream initiation codons. Furthermore, the mutational analysis carried out by Lammich and colleagues, which was exempt of the putative confounding effect on folding produced by exogenous ORFs in reporter-based studies, in fact showed that uAUGs did repress translation when compared with the levels of BACE1 protein expression yielded not by the empty plasmid, but by the plasmid containing the full length 5'UTR \[[@ref113]\], which in fact was the plasmid encoding for the naturally occurring version of BACE1 transcript.

In any case though, admitting that the uAUGs contribution to the overall inhibitory effect of BACE1 5'UTR might be modest in quantitative terms does not mean it is irrelevant ([Fig. 5](#adr-3-adr180089-g005){ref-type="fig"}). Indeed, a modest facilitation on BACE1 translation might be crucial, either in the physiological scenarios in which this protease is involved, or in the critical catalysis of AβPP cleavage to produce the neurotoxic Aβ-peptide. In particular, the importance of uAUGs gains importance before our eyes when we direct our gaze to the intracellular signaling cascades diminishing ternary complex availability, enabling ribosomal leaky scanning and there by facilitating BACE1 translation initiation; in other words, when we draw the picture of the stimuli able to induce eukaryotic initiation factor 2 B (eIF2B) inhibition, either directly, or indirectly, through competitive blockade by phosphorylated eIF2*α* ([Fig. 7](#adr-3-adr180089-g007){ref-type="fig"}).

Indeed, contemplating this diagram we are faced with a panorama in which a myriad of cellular stresses can be transmuted into a cellular/molecular state in which BACE1 translation is favored. But \...   are really all of these potential BACE1 activators *just* cellular stressors?

No!

Nitric oxide, a neurotransmitter and neuromodulator \[[@ref117]\] involved in memory processing \[[@ref124]\] (reviewed in \[[@ref125]\]), activates the Heme-regulated eIF2*α*-kinase (HRI) in an analogue manner in which it activates the guanyate cyclase: by binding to the heme motifs present as prosthetic groups in this fascinating eIF2*α*-kinase \[[@ref129]\].

Nitric oxide signaling as an activator of BACE1 translation: Role in synaptic plasticity and memory consolidation {#sec0030}
-----------------------------------------------------------------------------------------------------------------

This story began in a laboratory by the sea, in the ebullient Mediterranean city of Barcelona. An observation was made at the turn of the years 2005-2006: stimulating neuroblastoma cells with physiological concentrations of nitric oxide, BACE1 protein expression was upregulated in the order of minutes. Such rapid response suggested a translational activation from a pre-existing mRNA, rather than *de novo* gene-transcription. With this premise in mind, inquiries were made to check out whether cyclic GMP, the canonical downstream mediator of nitric oxide signaling, could activate protein translation in any possible manner. Unfortunately, though, nothing convincing was found in the literature. This initial frustration, however, was soon to be compensated, and it was with an enthusiastic joy that the works on the molecular mechanisms controlling BACE1 translation, which had been published little before \[[@ref112]\], were received. These brand-new scientific reports wholly devoted to reveal the mechanistic underlying BACE1 translational activation were indeed the right food needed at that very moment, when the attempt was being made to connect nitric oxide signaling with mechanisms that could potentially account for BACE1 translational activation.

In this regard, the contribution by De Pietri Tonelliand colleagues \[[@ref112]\] was particularly inspiring, for the authors suggested eIF2*α* phosphorylation as a putative mechanism to trigger BACE1 translation, an assertion that converged with the simultaneous confirmation that one of the eIF2*α*-kinases, the HRI kinase, could be directly activated by nitric oxide binding on its heme-groups \[[@ref131]\]. Therefore, a three-step pathway (NO/HRI/p-eIF2*α*) was envisaged as a putative signaling cascade driving BACE1 translation ([Fig. 8](#adr-3-adr180089-g008){ref-type="fig"}).

![Three-step pathway model for NO-induced BACE1 translation activation. The heme-regulated eIF2*α* kinase (HRI), a nitric oxide sensor, appeared to be a plausible node connecting nitric oxide (NO) stimulation with BACE1 expression, through phospho-eIF2*α*-mediated BACE1 translational de-repression. Other uAUG-bearing transcripts such as GluN2B \[[@ref149]\] respond in a similar way to NO/HRI induced eIF2-phosphorylation, opening the possibility that NO behaves as a general translational facilitator for uAUG-bearing transcripts.](adr-3-adr180089-g008){#adr-3-adr180089-g008}

The fact that the initial experiments carried out on neuroblastoma cells were designed trying to emulate neuronal nitric oxide synthase (nNOS) physiological production of nitric oxide \[[@ref134]\] (by adapting the concentration of nitric oxide to the nanomolar range, and the exposure time to the order of minutes), led to the hypothesis that nitric oxide-mediated eIF2*α* phosphorylation could actually be driving BACE1 translation physiologically.

At this point, however, an intriguing question arouse. Intracellular cascades converging in eIF2*α* phosphorylation were in fact a cellular adaptive response to environmental stress, leading either to alleviate cellular injury managing stress conditions (securing metabolic resources by shutting down protein synthesis), or directly promoting apoptosis when the crisis caused by stress could not be halted \[[@ref136]\]. Was it then possible that such a stress--triggered signaling cascade could have evolved to accomplish a differentiated physiological role in neurons? Taking into account the fact that the phosphorylation of this translation factor was known to be strictly related to stress adaptation and cellular death\... could any genuine CNS function such as synaptic plasticity or memory consolidation could rest upon eIF2*α* phosphorylation?

This indeed stressing question had just started to be brilliantly answered from the other side of the Atlantic, in a laboratory located in Canada, at the French-speaking city of Montr$\acute{e}$al. A nice synchrony again took place which is worth mentioning: while the principles controlling BACE1 translation were being discovered, which, as previously discussed, contemplated eIF2*α* phosphorylation as a possible activating mechanism, two hallmark papers appeared that placed the single phosphorylation of eIF2*α* at Ser^51^ as a crucial event in the consolidation of long-term memories \[[@ref137]\]. In the summer of 2005, Costa-Mattioli and colleagues had published a pioneering report describing aberrant synaptic plasticity and paradoxical behavioral effects after training in a learning task in a mice strain lacking the eIF2*α* kinase GCN2 \[[@ref137]\]. Two years later, by the spring of 2007, the same *quebequois* group published a milestone pharmacogenetic-based work in which eIF2*α* phosphorylation was shown to be a key regulator of long term potentiation and a molecular switch required for the transition from short term to long term memory (LTM) formation \[[@ref138]\].

However, while the involvement of eIF2*α* phosphorylation in synaptic plasticity and memory consolidation seemed quite clear from the experimental evidences brought about by the just mentioned works, the ultimate role played by this factor in the cellular/molecular events related to the so-called cellular phase of memory consolidation remained less clear. According to their results, Costa-Mattioli and colleagues working idea was the notion that memory consolidation required eIF2*α* *dephosphorylation* to allow local protein synthesis at synapses \[a process known to be required for memory consolidation \[[@ref063]\]\]. However, to be dephosphorylated a protein needs to be phosphorylated first. Therefore, such view supporting a "decreased eIF2*α* phosphorylation" as a critical process underlying memory formation necessarily implied a previous phosphorylation event targeting eIF2*α*, an issue that was not tackled in these two initial reports \[[@ref137]\]. (See \[[@ref067]\] for additional reviews discussing eIF2-alpha dephosphorylation in LTM).

Following the same line of reasoning about the relevance of eIF2*α* dephosphorylation in promoting LTM, two years later, in 2009, it was proposed that activity--dependent changes in synaptic strength would increase amino acid import into neurons inactivating thereby GCN2 \[[@ref067]\] (an eIF2*α*-kinase which is conventionally activated by unloaded tRNAs lacking its amino acidic part). This hypothesis synthesized the original findings on the GCN2^--/--^mice (published in 2005\[[@ref137]\]) with the pharmacogenetic work published two years before, in 2007, which had so strongly contributed to postulate eIF2*α* dephosphorylation as a pivotal mechanism in LTM formation \[[@ref138]\].

However, while perfectly possible in speculative terms, this hypothesishad a major drawback: it presupposed a resting state in synapses in which eIF2*α* phosphorylation would be constitutively high, while synaptic activity would "release the brake" dephosphorylating eIF2*α* through the inactivation of GCN2, allowing thereby protein synthesis to take place. Accordingly, as a direct consequence of this hypothesis, the basal state at synapses would be that of total protein synthesis inhibition, something indeed possible (for in biology, impossible is nothing) but rather unlikely as it would permanently prevent protein turnover of locally translated proteins at resting synapses all over the brain.

Analternative view to these matters, not denying any of the previous findings, but incorporating them under another interpretative framework, was the possibility that following glutamatergic stimulation, synaptically derived nitric oxide would activate the HRI kinase causing thereby a dynamic phosphorylation of eIF2*α* which would in turn promote the timely synthesis of uORF-containing 5'UTR-bearing transcripts (such as BACE1). Then, only afterwards, such a fast response would rapidly return to the basal resting state through eIF2*α* dephosphorylation. Furthermore, due to the highly diffusible nature of nitric oxide, in this model specific local protein synthesis would be activated homogeneously both in the post- and pre-synaptic compartments ([Fig. 9](#adr-3-adr180089-g009){ref-type="fig"}).

![Proposed model for eIF2*α*-mediated translational control at the synapse. In a resting state exempt of cellular stress, nitric oxide (NO)-HRI signaling induces a peak in eIF2*α* phosphorylation levels, which are rapidly turned back to their basal state through the action of eIF2*α*-phosphatases. Such transient rise in eIF2*α* levels triggers the timely translation of synaptically polarized uAUG-bearing mRNAs, while temporarily arresting general protein translation. Importantly, such signaling model can only be effective when cellular stress does not interfere with eIF2*α* phosphorylation through the action of other eIF2-kinases (PERK, PKR, GCN2) or even an eventually stress-activated HRI.](adr-3-adr180089-g009){#adr-3-adr180089-g009}

Such alternative view received its first experimental support from a group based in Porto Alegre, the energetic southernmost capital of Brazil in which all virtually existing human types are harmoniously blended. Issued from this austral city, a short communication appeared in the spring of 2013 demonstrating the requirement of HRI kinase activity in the hippocampus for the consolidation of object recognition memory \[[@ref142]\]. By a classical neuropharmacological approach, the authors showed that eIF2*α* was actively phosphorylated in the CA1 region of the dorsal hippocampus after behavioral training, an effect seemingly subordinated to HRI activity. As expected, this phenomenon was accompanied by an increased expression of BACE1 and ATF4, two proteins synthesized from uAUGs-containing mRNAs. Stereotaxical microinjection of AMI, a specific HRI inhibitor, hindered such molecular response and abrogated memory retention.

However, a certain fringe still remained to be deepened, as HRI---a kinase originally identified in rabbit reticulocytes \[[@ref143]\] and mainly studied in the context of hemoglobin synthesis regulation \[[@ref144]\]---had never been detected in the CNS before. Such experimental evidences were only published two years later, in 2015, when the original findings from the Barcelona group (pursued since almost one decade before) came finally to the public domain \[[@ref145]\]. In this report, the authors presented compelling evidences that HRI kinase was localized at hippocampal synapses, where it regulated BACE1 translation through the activation of eIF2*α* phosphorylation upon nitric oxide signaling. Working with synaptosomes, which are nuclei-free preparations suitable for studying transcription-independent events, they showed that BACE1 expression becomes upregulated in response to glutamate stimulation, in an effect depending simultaneously on 1) nNOS, 2) HRI, and 3) eIF2*α* phosphorylation. Furthermore, the previous finding that HRI was required for memory consolidation in rats \[[@ref142]\] was extended to a mice model with the same positive conclusion \[[@ref145]\].

In fact, not only HRI, but in particular the other three eIF2*α*-kinases PERK, PKR and GCN2, have been a subject of intense research as mediators of both general and gene-specific translational control in the context of synaptic plasticity and memory formation. This effort has brought forth a wealth of experimental data resulting from genetic, molecular, electrophysiological and pharmacological studies (see \[[@ref146]\] for reviews on this topic). Nonetheless, there is still very little information concerning whether these kinases are activated under normal physiological conditions in neurons. Indeed, a major unresolved goal in the field is the investigation of the biochemical signaling cascades that couple neurotransmitter and neurotrophin receptors to the activation/inactivation of eIF2*α* kinases, a slippery fish-like issue that has remained a gap in knowledge since at least the last decade \[[@ref061]\].

In this regard, nitric oxide activation of HRI could be one possible biochemical pathway by which NMDA receptor activation is coupled to eIF2*α* phosphorylation to promote specific translation of uAUGs-bearing mRNAs (see \[[@ref149]\] for a report on GluN2B translation by the NO/HRIpathway in cortical neurons). At the same time, however, little doubt can be harbored that additional complex regulatory events (probably involving the unwinding of secondary mRNA structures and a wider network interplaying with other translation initiation factors) sum up to play a decisive role in determining the final translational output overeach synaptically localized transcript, being perhaps the NO/HRI pathway a mean by which ribosomal skipping in uAUGs-bearing mRNAs is facilitated.

Concerning the interpretation of BACE1 translation being driven by synaptic activity in memory consolidation processes, one must readily admit that this finding stays counter intuitively with the widely held notion that newly synthesized proteins contribute to the building-up of new structures (for example, growth or formation of new synapses) that are ultimately responsible for the storage of the memory trace \[[@ref150]\]. BACE1 is a protease; and proteases catalyze the breaking-down of proteins, promoting thereby dismantling rather than building-up processes.

Notwithstanding this apparent contradiction, it should be noted that proteases play a significant role in cell-cell communication, tissue homeostasis and development through the shedding of membrane-bound proteins \[reviewed in \[[@ref152]\]\] and, in the particular case of brain development, a well-orchestrated proteolytic activity is required for proper neurogenesis \[[@ref153]\] and axon guidance \[[@ref155]\] (reviewed in \[[@ref157]\]). In addition, it is becoming increasingly clear that protases intervene in learning and synaptic plasticity \[[@ref158]\]. ADAM10, for instance, is required for synaptogenesis \[[@ref161]\], whereas Matrix Metalloproteinase-9 (MMP9) has a pivotal role in regulating synaptic plasticity, learning and memory when locally translated upon synaptic activation \[[@ref162]\]; these findings are aligned with a role for BACE1 local translation in promoting synaptogenesis \[[@ref145]\], and share the same underlying interpretation, namely: regulated cleavage of cell adhesion proteins at synapses would enable the structural remodeling necessary for establishing those persistent modifications of synapse structure and function required for learning and memory processes \[[@ref145]\].

However, another interpretation is still possible according to which not *unilateral* synaptic growth, but also breaking-down processes, might be required for thinking, learning and memory processing. Such "physiological death", when excessive or not duly repaired afterwards, would result in the triggering of neurodegeneration. This would be, perhaps, an interesting bridge to explore: a sort of communicating vessel connecting cognition (thinking, learning and memory processes) with neurodegeneration, and its entailing potential therapeutic implications.

In the particular case of BACE1, such intimate connection among destruction and cognitive performance becomes evident when one realizes that the wiring of stimuli converging in the translational activation of this protease (through eIF2*α* phosphorylation) defines a tragic setting in which physiologically-controlled proteolysis can only occur in the total absence of cellular stress. Hence, such an intrinsic vulnerability of the system marks a fatal transition between physiological and stress-driven BACE1 expression ([Fig. 10](#adr-3-adr180089-g010){ref-type="fig"}).

![Nitric oxide: a master physiological mediator hovering above the integrated stress response? The four existing eIF2*α*-kinases (PERK, PKR, HRI, GCN2) share a common catalytic-domain and harbor different activator-domains endowing each kinase with a differential sensitivity to stress. Following stress sensing, eIF2*α*-kinases phosphorylate eIF2*α* and shut down protein translation in a process known as *integrated stress response*. This process aims, for example, at securing metabolic resources under energy deprivation conditions, alleviating protein load in the endoplasmic reticulum under missfolding protein conditions, or at avoiding the translation of exogenous proteins from viral origin. In the absence of stress, nitric oxide (NO) signals through the Heme-regulated eIF2*α*-kinase (HRI), activating thereby BACE1 translation from its mRNA in a physiological setting.](adr-3-adr180089-g010){#adr-3-adr180089-g010}

Stress-driven BACE1 translation: eIF2*α* phosphorylation {#sec0035}
--------------------------------------------------------

As previously mentioned, eIF2*α*-kinases are, above all, stress sensors \[[@ref163]\]. Deriving from this fact, a kind of road map can be traced leading from different cellular stressors, sensed by the four existing eIF2*α*-kinases PERK, PKR, HRI and GCN2, to amyloidogenesis, in a straight-line sequential pathway involving: 1) stress sensing, 2) kinase activation, 3) eIF2*α* phosphorylation, and 4) BACE1 translational de-repression ([Figs. 7](#adr-3-adr180089-g007){ref-type="fig"} and [10](#adr-3-adr180089-g010){ref-type="fig"}).

All these stresses are related in one way or another to brain aging processes. Therefore, after the discovery of the molecular determinants governing BACE1 translation \[[@ref112]\], an appealing connection emerged between age-related stress and BACE1 translational activation in relation with SAD triggering (see \[[@ref164]\] for a review on the role of eIf2*α* kinases in AD pathogenesis).

This research line was inaugurated in 2008, when O'Connor and colleagues published a report showing that energy deprivation induced eIF2*α* phosphorylation, BACE1 expression and Aβ peptide production \[[@ref069]\]. Surprisingly, they did not find GCN2 to be the mediator-kinase of this effect (something that could have been expected as this kinase is activated by aminoacid deprivation). Instead, they found PERK to be the nexus between energy deprivation and eIF2*α* phosphorylation, suggesting that ATP depletion probably impairedprotein folding in the ER, leading thereby to PERK activation \[[@ref069]\].

Two years later, Devi and Ohno showed a correlation between increased BACE1 expression and p-eIF2*α* levels in a mouse model of AD \[[@ref165]\]. By crossing BACE1 heterozygousmice (BACE1^(+/--)^) with an aggressive amyloid model (Tg6799 strain, which co-overexpressesAβPP/PS1 and harborsfive FAD mutations), and analyzing BACE1 content at different age stages, they showed that a reduction in BACE1 gene dosage was not enough to diminish BACE1 upregulation in advance age, a phenomenon seemingly related to increased eIF2*α*-phosphorylation. However, the ultimate nature of the stressing stimuli and the kinases involved in eIF2*α* phosphorylation were not identified in this work.

Another stress factor correlated to AD is Herpes Simplex Virus Type-1 (HSV1) (reviewed in \[[@ref166]\]). HSV1 is present in the brains of elderly humans \[[@ref169]\], confers risk of AD in APOE *ɛ*4 carriers \[[@ref170]\], causes Aβ accumulation \[[@ref171]\] and abnormal tau phosphorylation \[[@ref172]\], and colocalizes with amyloid plaques in AD brains \[[@ref172]\]. Interestingly, the chief stimulus activating PKR is double-strand RNA (dsRNA) from viral origin \[[@ref173]\], suggesting a connection between viral infection and BACE1 expression through the activation of this kinase. In this regard, a report appeared in 2011 showing a relation between PKR activation and increased BACE1 protein translation in the context of HSV1 infection \[[@ref071]\]. In this work, the authors found striking PKR activation upon HSV1 infection in mouse dorsal ganglion root neurons, together with neuronal positive PKR staining in brain sections from AD individuals. In addition, by making use of a synthetic dsRNA analog, poly (I:C), they provided evidences that PKR activation induced eIF2*α* phosphorylation, BACE1 translational de-repression and Aβ production in cultured cells.

As commented before (see above), a stressing factor of major relevance in AD etiology is oxidative stress \[[@ref090]\], which has been known for some years to induce BACE1 mRNA transcription \[[@ref093]\]. Connecting for the first time oxidative stress with BACE1 translational activation through eIF2*α* phosphorylation, a pioneering report appeared in 2012 by Mouton-Liger and colleagues, which placed PKR as the upstream activated kinase in response to this particular kind of cellular stress of such broad implications in AD etiology \[[@ref070]\]. By using AD brain sections, a mice model of AD and hydrogen peroxide as a source to induce oxidative stress in human neuroblastoma cells, the authors showed a correlation between *p*-eIF2*α* levels, activated PKR and increased BACE1 levels. In their study, hydrogen peroxide-mediated BACE1 increase in neuroblastoma cells was attenuated by inhibiting the PKR/p-eIF2*α* pathway.

An evident source of cellular stress in AD is Aβ accumulation itself, which induces a plethora of neurotoxic effects including oxidative stress \[[@ref095]\], endoplasmic reticulum (ER) stress \[[@ref174]\] and calcium dyshomehostasis \[[@ref175]\]. The observation that Aβ accumulation induces BACE1 elevation in dystrophic neurites surrounding plaques \[[@ref177]\], which in turn accelerates Aβ generation in 5XFAD mouse and human AD brains, led to the hypothesis that eIF2*α* kinases (mostly PERK and PKR) might actually behave as mediators of amyloid plaque growth in a self-amplifying feedback mechanism. Nevertheless, a report published by Sadleir and colleagues in 2014 \[[@ref180]\] showed that genetic inhibition of eIF2*α* phosphorylation in a mouse model of AD did not prevent Aβ-dependent elevation of BACE1 nor reduced amyloid pathology. In this study, the authors used three different genetic strategies designed to circumvent the effect of *p*-eIF2*α* phosphorylation over BACE1 translational activation, dissecting thereby the hierarchical dependence of BACE1 expression upon eIF2*α* phosphorylation. Using this approach, they showed that Aβ oligomers are able to upregulate BACE1 expression independently of eIF2*α* phosphorylation \[[@ref180]\].

Revisiting the original notion by O'Connor and colleagues that energy-deprivation induced BACE1 expression through eIF2*α* phosphorylation \[[@ref069]\], Mouton-Liger et al. showed that disruption of brain thiamine homeostasis, which has a prominent role in energy metabolism and has a reduced activity in AD, is related to an altered BACE1 expression through the eIF2*α* pathway \[[@ref181]\]. In a mouse thiamine deficiency-model, they demonstrated increased BACE1 expression, p-eIF2*α* an Aβ peptide production, something that led to motor deficits and neurodegeneration in a PKR-dependent manner \[[@ref181]\]. In addition, the protagonist role of PERK in mediating BACE1 upregulation through eIF2*α* phosphorylation (an issue also initially raised by O'Connor et al. \[[@ref069]\]) received additional support in a report by Devi and Ohno \[[@ref182]\], in which genetic reduction of PERK was found to mitigate AD-neuropathology (including elevated BACE1 expression) and cognitive impairments in a mouse model of AD \[[@ref182]\]. At the same time, however, genetic downregulation of PKR has been shown to protect lypopolysaccharide (LPS)-treated mice from neuroinflammation \[[@ref183]\], in an effect likely to be mediated through the suppression of BACE1 expression in PKR^--/--^ mice.

Evidences from plant compounds capable of modulating PERK and PKR pathways in AD pathogenesis have recently come to light \[[@ref184]\]. In a report by Yan et al. \[[@ref184]\], the broad-spectrum anti-cancer compound *Icaraside II* (extracted from the Chinese medicinal plant *Herba Epimedium* \[[@ref187]\]) was administered to a double transgenic mice model of AD (AβPPsw/PS1 dbKO). As a result, learning increased and plaque burden diminished in an effect likely to be mediated through the inhibition of PERK-mediated eIF2*α* phosphorylation and its subsequent downregulatory effect on BACE1 expression. Even though, other targets such as ADAM10, peroxisome proliferator-activated receptor-*γ* (PPAR*γ*) or phosphodiesterase-5A (PDE5A) could also stay behind the beneficial behavioral effects \[[@ref184]\]. Another report by Li et al. showed how an ethanol extract of *Thamnolia Vermicularis* (a plant widely used in Chinese medicine for its antioxidant and antioncogenic properties \[[@ref188]\]) ameliorated learning in AβPPsw/PS1 transgenic mice and induced a drop in Aβ production and protein tau phosphorylation in neuroblastoma cells \[[@ref185]\]. The signaling cascades involved in the latter effect included: 1) stimulation of PI3K and AMPK pathways, 2) suppression of PERK/eIF2*α*-mediated BACE1 expression, and 3) inhibition of GSK3β \[[@ref185]\]. While the authors proposed the extract of *T. Vermicularis* to be a multi target drug hitting Aβ and tau simultaneously, we note here that BACE1 expression and tau phosphorylation could also be *mechanistically* connected through GSK3β activity (see [Fig. 7](#adr-3-adr180089-g007){ref-type="fig"}). Beyond the PERK pathway, however, the PKR/eIF2*α* pathway has also received attention as a putative target of plant compounds as stated above. In a work by Zhang et al. \[[@ref186]\], the phenolic glucoside *gastrodin* (extracted from the Chinese herbal medicine *Gastrodia elata Blume*) suppressed BACE1 expression by inhibiting the PKR/eIF2*α* pathway both in a transgenic mice model (Tg2576, carrying the AβPPsw mutation) and in human neuroblastoma cells.

Conversely to the potentially beneficial effects of plant compounds as therapeutic modulators of the PERK-PKR/eIF2*α* pathways, unwanted side effects of antiretroviral drugs have been recently linked to BACE1 translational upregulation through PERK activation \[[@ref189]\]. Antiretroviral drugs (ARV) are being pointed as the potential culprits of human immunodeficiency virus (HIV)-associated neurocognitive disorders \[[@ref190]\]. Given the ability of ARV to induce ER stress, Gannon et al. \[[@ref189]\] hypothesized that ARV-mediated ER stress in the CNS would result in an activation of the unfolded protein response (UPR), which involves PERK activation as one of its main effector branches \[[@ref191]\] ([Figs. 7](#adr-3-adr180089-g007){ref-type="fig"} and [10](#adr-3-adr180089-g010){ref-type="fig"}). Using *in vitro* and *in vivo models* the authors showed how a specific ARV class known as "HIV protease inhibitors" induced neuronal damage, ER stress and subsequent PERK-mediated BACE1 translational activation through eIF2*α* phosphorylation. As expected, this effect was coupled to an increase in Aβ production measured *in vitro* as well as to neuronal damage triggering in *invivo models* (for a recent review of UPR and PERK as a new therapeutic target in AD, see \[[@ref194]\]).

In summary, a total of twelve research papers have appeared in the last decade (2008-2018) investigating the relationship between neuronal stress, eIF2*α* phosphorylation and BACE1 expression. Nonetheless, despite the intense activity dedicated to investigate these pathways hitherto, there might still be unexplored paths to be walked in this "roadmap", which may eventually shed more light about possible mechanisms driving BACE1 expression through eIF2*α* phosphorylation.

For instance, disrupted calcium homeostasis is thought to play a central role in AD pathogenesis, as increased intracellular calcium triggers Aβ accumulation, tau hyperphosphorylation, and neuronal death. In addition, the most significant signal-transduction cascades associated with AD are mediated by disruption of calcium regulation in the ER, while FAD-causing mutations have been linked to intracellular calcium signaling pathways \[[@ref195]\] (reviewed in \[[@ref196]\]). Interestingly, the ER-localized eIF2*α*-kinase PERK is activated by ER stress and, more specifically, by Ca^+2^ dyshomeostasis \[[@ref198]\]. Hence, a suggestive connection exists between destabilization of calcium signaling in AD and PERK activation. In this regard, in the early 1990s of last century the observation was made that calcium release from the ER enhanced Aβ production \[[@ref199]\]. Thus, in an historical context where the role of Aβ peptide as the upstream event triggering AD pathogenesis had not yet become the leading trend in AD research, such evidences linking calcium and Aβ led to the hypothesis that the β- and *γ*-secretase activities could be modified by calcium-binding proteins, or that AβPP processing could be directly carried out by calcium-dependent proteases \[[@ref201]\]. The ulterior identification of the proteases responsible for β- and *γ*-secretase activities ruled out the possibility that they were calcium-dependent proteases in a direct manner, for neither BACE1 nor proteins of the *γ*-secretase complex harbored any calmodulin-binding domain. However, recuperating this notion twenty years laterin the light of the achievements made in the field of BACE1 translational control, the possibility remains open that β-secretase is, to some extent, a calcium-dependent protease but in an indirect way, through Ca^+2^/PERK/eIF2*α*-mediated translational activation. In addition, *γ*-secretase activity could also be modulated by this pathway. Nicastrin, a scaffolding protein required for the stability of the *γ*-secretase complex, is translated from an mRNA containing five uAUGs, which could potentially be responsive to a drop in ternary complex availability in a similar way than BACE1 uAUGs are (for a recent update on the "Calcium hypothesis" of AD, see \[[@ref202]\]).

Another main research avenue to be pursued in the "p-eIF2*α*-mediated Stress-Driven-BACE1-translation pathway" is the one stemming from HRI activation, a kinase that has been largely ignored in the field because it was considered to be only expressed in little amounts in the CNS \[[@ref139]\]. It might be true that, in quantitative terms, HRI is expressed at lower levels in neurons when compared to other eIF2*α*-kinases, but the fact that HRI has been recently localized at synaptic sites \[[@ref145]\] makes no longer possible to continue ignoring the pathophysiological consequences of HRI-mediated eIF2*α* phosphorylation in neurons. The physiological implications of HRI activation by nitric oxide werealready described in a previous chapter. Nonetheless, it should be noted here that HRI can also be activated by stress factors intimately related to AD pathogenesis. To begin with, HRI is activated by oxidative stress \[[@ref203]\], whose pivotal importance in AD pathology has also been discussed above. But the chief stress factor activating HRI is heme deficiency: this is the mechanism by which this kinase prevents the synthesis of defective hemoglobin in the absence of heme in reticulocytes \[[@ref144]\]. In fact, the discovery of HRI activity originated from the primal observation that reticulocyte lysates, which were the eukaryotic nonnucleated cell model of choice for the study of protein translation during the 1980s, were required to be exogenously supplemented with heme (or hemin) for protein synthesis. Such reticulocytes, lacking mitochondria, which are the natural sources of heme in cells, started protein synthesis at a high rate but decreased sharply within a few minutes (through fast eIF2*α*-phosphorylation) unless hemin was added to the system, a phenomenon which led to hypothesize the existence of a "heme-controlled inhibitor" (HCI) of protein synthesis (reviewed in \[[@ref204]\]). HRI kinase (standing for heme-regulated inhibitor) was later identified as the kinase responsible for HCI activity \[[@ref143]\]. Intriguingly, evidence of heme deficiency has been reported in AD brains \[[@ref205]\], which express significantly reduced levels of rate-limiting enzymes in the heme biosynthetic pathway \[[@ref206]\]. Indeed, heme is a common factor linking several metabolic perturbations in AD \[[@ref207]\], including iron metabolism, mitochondrial complex IV, heme oxygenase, and bilirubin. Furthermore, oxidative stress induces the expression of heme oxygenase-1 (HO-1) \[[@ref208]\], an enzyme that degrades heme to generate bilirubin, a potent antioxidant. Remarkably, pronounced HO-1 immunoreactivity is detected in neurofibrillary tangles and in neurites surrounding senile plaques \[[@ref211]\], and the level of bilirubin is increased in AD patients \[[@ref212]\]. All these evidences seem compelling enough to consider HRI kinase integrity at synapses, putatively compromised in AD due to chronical heme deficiency, also as an appealing pathway for future research in the interesting unexplored wild territories at the border between memory consolidation and AD neurodegeneration.

INTRACELLULAR DEGRADATIVE PATHWAYS IN SAD: PRESENILIN AND AβPP MUTATIONS DISRUPT BACE1 PROTEIN HOMEOSTASIS {#sec0040}
==========================================================================================================

One of the early pathological manifestations in AD patients (before the appearance of amyloid plaques) is the enlargement of endosomal compartments and the accumulation of autophagic vacuoles \[[@ref213]\]. Interestingly, FAD-linked AβPP and presenilin mutations not only alter the species of Aβ generated (Aβ~42~/Aβ~40~ ratio), but affect biological pathways that may be responsible, at least in part, for the onset of AD.

Presenilin-1, apart from its role as the catalytic subunit of the *γ*-secretase complex, is required for the proper translocation of the Vacuolar-type *H*+-ATPase (V-ATPase) to lysosomes and consequently, the correct acidification of these organelles. Lysosomes are terminal compartments with a low pH in the lumen for the proper activity of the hydrolases responsible for the degradation of many proteins coming from multivesicular bodies (MVBs) or autophagosomes. MVBs (late endosomal compartments) are formed during the maturation of early endosomes (EE) by invagination of the endosomal membrane towards the lumen and the consecutive scission, giving rise to intraluminal vesicles (ILVs) ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}).

![Alteration of intracellular compartments in AD. Left panel: Intracellular compartments in a healthy neuron. AβPP is endocyted from the plasma membrane and cleaved to AβPP-βCTF by BACE in the membrane of early endosomes (EEs). EEs mature to multivesicular bodies (MVBs) when the rim of the endosome invaginates toward the lumen forming the intraluminal vesicles (ILVs). AβPP-βCTF can be cleaved to Aβ by *γ*-secretase on the membrane of the endosome or be incorporated to the ILVs where can also be processed by *γ*-secretase to Aβ. After ILVs are degraded after fusion of MVBs to lysosomes or secreted in form of exosomes. A utophagosomes are also degraded after fusion to lysosomes. Right panel: In AD, the loss of function of lysosomes decreases the degradation of autophagosomes and MVBs, which accumulated and become enlarged. In addition, accumulation of AβPP-βCTF in endosomes enhance the enlargement by recruiting the APPL1 effector. To compensate the lack of degradation of ILVs and their content (including Aβ), there is an increased secretion of ILVs in form of exosomes upon fusion of MVBs to the plasma membrane. Aβ is secreted from the lumen of MVBs or bound to exosomes. The secreted Aβ may work as a glue for proteins, lipids and nucleic acids destined to be degraded by the activated microglia. Exosomes can also be removed from the brain through the blood-brain barrier.](adr-3-adr180089-g011){#adr-3-adr180089-g011}

ILVs and their content are degraded upon fusion of MVBs to lysosomes, or alternatively, they can be released to the extracellular space after fusion of the MVBs to the plasma membrane in form of exosomes (extracellular lipid bilayer enclosed membrane vesicles with a size ranging from 50 to 100 nm \[[@ref214]\] ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}). On the other hand, authophagy is a supportive pathway for the degradation of macromolecules and organelles activated upon cellular stress and the accumulation of misfolded proteins or when conditions requiring recycling of cellular components are met (e.g., under starvation). The autophagosome is formed *de novo* by the elongation of a spherical double membrane bilayer. Proteins to be degraded are recruited to the nascent autophagosome and processed after fusion to lysosomes. Interestingly, neuronal deficiency of presenilin-1 triggers the accumulation of autophagosomes \[[@ref215]\]. Indeed, it was shown that mutations linked to FAD on presenilin-1 affect the proteolysis by lysosomes and the authophagic pathway \[[@ref217]\]. Interestingly, carriers of the *p*.Leu (381) Phe mutation on presenilin-1, which causes early-onset AD, show lysosomal inclusions in peripheral fibroblasts, resembling those found in Kufs disease (KD), the major adult form of neural ceroid lipofucinosis \[[@ref219]\]. KD patients suffer from dementia and voluntary movement symptoms. The disease is caused by mutations in genes related to lipid degradation/excretion that lead to the accumulation of lipopigments in lysosomal compartments, linking lysosome function to dementia. Thus, the fact that the FAD presenilin mutant *p*.Leu (381) Phe induces a KD-like phenotype in peripheral fibroblasts suggests that lysosomal dysfunction may be also an early trigger of dementia in AD.

On the other hand, the AβPP-βCTF (β-secretase C-terminal fragment) released upon cleavage of AβPP by BACE1 can also alter the function of endolysosomal compartments. It was reported that the AβPP Y682G mutation affects the interaction with sortilin-related receptor (SorLA), a protein that controls the trafficking of AβPP between the trans-Golgi network (TGN) and EEs \[[@ref220]\] and whose low mRNA levels have been associated to SAD \[[@ref221]\]. Disruption of the interaction between SorLA and AβPP by the Y682G mutation leads to lysosomal dysfunction in the hippocampus of mice \[[@ref223]\]. Altered levels of the AβPP holoprotein also produce abnormalities in endosomal compartments ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}). Both full-length wild-type AβPP and AβPP-βCTF induce endosomal enlargement and disrupt NGF signaling and axonal trafficking in cultured rat basal forebrain cholinergic neurons \[[@ref224]\]. Interestingly, induced pluripotent stem cells-derived neurons from two patients with FAD caused by duplication of the AβPP gene show rab5-enlarged endosomes compared to controls (rab5 is a protein enriched in EE) \[[@ref225]\]. In addition, studies of individuals with DS link AβPP levels to the presence of abnormal endosomal compartments. People with DS are a paradigmatic case of increased AβPP gene dosage due to the trisomy of chromosome 21 where the AβPP gene is located. Moreover, DS individuals are known to develop AD in the adulthood. A segmental trisomy 16 mouse model of DS present endosomal abnormalities and impaired NGF axonal transport, similar to the findings in AβPP-over expressing basal forebrain cholinergic neurons \[[@ref224]\]. These endosomal abnormalities in DS are reverted with a BACE1 inhibitor, what points to the involvement of AβPP-βCTF as the main mediator of these alterations, thereby placing BACE1 activity (together with AβPP and PS1/2) at the stage of degradative pathways putatively disrupted in AD \[[@ref228]\].

BACE1 interplaying with AβPP and presenilins in endosomal degradative pathways {#sec0045}
------------------------------------------------------------------------------

AβPP is internalized from the plasma membrane and processed in EE to AβPP-βCTF by BACE1 \[[@ref230]\]. ABPP-βCTF can be cleaved by *γ*-secretase in endosomes to produce Aβ or be sorted to ILVs during the maturation of EE to MVBs and degraded by the lysosome after fusion of MVBs to this organelle. Conditions impairing the lysosomal/autophagosomal degradative pathways or the fusion of endosomes to lysosomes lead to an increase in the levels of AβPP-βCTF and BACE1 in endosomal compartments (BACE1 is also degraded by lysosomes) ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}). This results in higher production of Aβ after cleavage by *γ*-secretase \[[@ref232]\] and the enlargement of endosomes due to the recruitment by AβPP-βCTF of the cytosolic rab5-effector APPL1 (Adaptor protein phosphotyrosine interacting with PH domain and leucine zipper 1), which stabilizes the GTP-rab5 in the active state and leads to endosome swelling \[[@ref234]\].

Thus, an impairment of the degradative pathways caused by FAD mutations on AβPP and presenilins (or aging-related molecular changes in the case of SAD \[[@ref235]\]) may lead to elevated AβPP-βCTF levels and BACE1 in endosomal compartments. This in turn leads to an enlargement of these organelles after recruitment of APPL1 and provides more substrate for Aβ generation, which can be produced in the ILVs. ILVs containing Aβ (most probably bound to the outer membrane) are then secreted to the extracellular space in form of exosomes. Thus, if one hypothesizes that lysosomal/autophagosomal dysfunction is at the base of AD and causes AβPP-CTFs accumulation and Aβ generation, it is logical that abnormalities in the endocytic pathways are observed earlier than amyloid plaques \[[@ref235]\]. Loss of intracellular lysosomal degradation may be compensated by increased secretion of misfolded or toxic proteins via exosomes after fusion of MVBs to the plasma membrane and release of the ILVs that cannot be degraded intracellulary \[[@ref236]\]. AβPP-CTFs and Aβ have been detected in exosomes \[[@ref233]\] and interestingly neural-derived exosomes isolated from the blood of AD patients contain increased levels of Aβ~42~ and the lysosomal proteins cathepsin D and LAMP1 (Lysosomal-associated membrane protein-1), up to 10 years before the clinical manifestation of the disease \[[@ref243]\]. It has been shown that treating cells with bafilomycine A1, an inhibitor of the V-ATPase required for the acidification and the function of lysosomes, increases the secretion of exosomes and Aβ~42~ \[[@ref245]\]. Interestingly the Aβ~42~/Aβ~40~ ratio is elevated in exosomes and it is plausible that the consequent enhanced secretion of Aβ-bearing exosomes caused by impairment of the lysosome contribute to the formation of amyloid plaques \[[@ref246]\]. This agrees with the observation that inhibition of the neutral sphingomyelinase 2 (nSMase 2), an enzyme required for exosomes formation, decrease the pathological phenotype of an AD mouse model (5xFAD) \[[@ref247]\].

Extracellular Aβ-aggregates can trap other toxic or misfolded proteins secreted by exosomes, activating microglia for their removal. Indeed, aggregation of Aβ~42~ stimulates its uptake \[[@ref248]\] and could work as a stimulus to remove misfolded proteins extracellularly. Finally, some genes found to increase the risk of developing AD may do so by increasing the convergence of AβPP and BACE1 in EE (Bin1, CD2AP) \[[@ref249]\], regulating the degradation of AβPP-CTFs via autophagy (PICALM) \[[@ref250]\], or affecting lysosomal/autophagosomal systems (PLD3) \[[@ref252]\].

The above studies demonstrate the key role of presenilins and AβPP in the regulation of lysosomal and autophagosomal compartments and the control of protein degradation and homeostasis, a critical process for long-lived neurons in which BACE1 seems to play also a decisive role. The impairment of these homeostatic mechanisms by FAD mutations on presenilins and AβPP (FAD) or by age-related molecular changes (SAD), is an early pathological event in AD and may be at the base of this disorder. These changes may lead to a later accumulation of Aβ and axonal transport deficits in AD patients as a consequence of AβPP-βCTF and BACE1 accumulation in endosomes.

Summarizing, FAD-associated mutations, beyond its effects in Aβ-peptide generation, are related to lysosomal/autophagosomal dysfunction; this dysfunction presents as an early phenotype prior to the onset of the disease, and is connected to BACE1 protein homeostasis which, in turn, is connected to memory processing.

CONCLUSIONS AND PERSPECTIVES {#sec0050}
============================

The frame of mind instituted by the amyloid cascade hypothesis nearly 25 years ago seems to have clashed with the gloomy reality of repeated clinical failures of anti-amyloid therapies \[[@ref019]\]. Recently, the failures in phase II/III trials of two compounds into which many hopes were laid ("solanezumab Expedition 3", a monoclonal antibody against soluble Aβ-peptide, and "verubecestat", a BACE1 inhibitor) \[[@ref021]\], seem to corroborate the notion that lowering Aβ-peptide load in the brain (either blocking its production or promoting its clearance) might not be the answer leading to an effective therapy for AD.

Aβ peptide, however, is not only sticky in its very physical aggregative properties, but it also sticks persistently into our minds as a central phenomenon in AD pathogenesis; and rightly so, because, no matter how modest is the incidence of FAD in quantitative terms, mutations in AβPP are sufficient to cause AD. This genetic evidence cannot be overlooked.

It is the gap between genetics and physiology what needs to be fulfilled. Establishing causal relationships in physiopathological scenarios is not easy. When seeing a man falling into a lake and drowning, for instance, the most immediate reaction is to think that he died of suffocation. But how can we be sure that he did not suffer a heart attack first, died of it, and then, only afterwards, fell inside the lake? For if this would be the case, suffocation signs would still appear in the corpse of the dead man, but they would be the consequence, rather than the cause of this figurative accidental death. Hence, what about Aβ? Is it the cause, or the consequence of AD? Or is it just an epiphenomenon?

Again, genetic evidences make us think of Aβ as bearing a strong causal effect over the development of the disease. But still, an alternative way of interpreting the facts is possible, which can bring conciliation among genetic evidences (FAD genetic evidences) and a secondary, perhaps anecdotic, role for Aβ in AD etiology. Such an alternative view consists in conceiving the proteolytic cleavage upon AβPP as an integral part of a wider proteolytic system necessary for memory formation. Under this alternative framework, FAD mutations in AβPP and PS appear before us under a different light, not just as Aβ-generating molecules, but as memory-processing enzymes whose physiological performance has been impacted by the mutations. Conversely, cellular stress, aging, and other similar insults can be looked at as capable of inflicting external aggressions to those memory-consolidating systems, leading to sporadic memory-loss phenotypes.

Not few evidences have accumulated over the years about the participation of AD molecular players (AβPP, secretases) in synaptic plasticity, learning and memory formation. For instance, BACE1 activity is necessary for synaptic and cognitive functions \[[@ref037]\] and, more specifically, BACE1-mediated cleavage of AβPP is required for memory formation, learning and synaptic plasticity \[[@ref038]\]. Synaptic activity induces Aβ secretion \[[@ref256]\] (induces therefore AβPP proteolysis, we could equally say). Even endogenous Aβ has been found to mediate learning and memory \[[@ref257]\]. More recently, BACE1 inhibition was found to impair synaptic plasticity and cognitive functions \[[@ref258]\]. Similarly, in the disappointing context of failed *γ*-secretase clinical trials (avagacestat, tarenfurbil) \[[@ref255]\], we have learned how *γ*-secretase inhibition has actually led to cognitive deterioration.

Hence, the relationship between what we could call "molecular AD players" (i.e., those intervening in the amyloid cascade) and synaptic plasticity, learning and memory has been firmly established since at least the last decade; and from a number of different angles. What remains to be determined, however, is whether these memory-associated phenotypes can stay in the same relation to AD as the heart failure was in the imaginary example mentioned above, about a drowning man. Is it a primal loss in memory-processing phenotypes, among which AβPP proteolysis would play an essential part, what is making sufferers fall in the fatal slope of AD neurodegeneration?

In this review, we have focused on molecular mechanisms pivoting around BACE1 protein homeostasis. We have tried to highlight, in the first place, how signaling cascades modulating BACE1 translation are connected to synaptic plasticity and memory formation. We have also described how, when cellular conditions are not the optimal and stress make its appearance (virtually all kinds of stresses, from oxidative stress to ER stress or metabolic deficiency) these very same signaling pathways are exogenously impacted. Finally, we have described how FAD-associated mutations disrupt lysosomal/autophagosomal function prior to the onset of the disease, and how this phenomenon alters synaptic BACE1 availability.

But many issues remained that claimed for a deeper discussion; issues ranging from specific molecular mechanisms, to speculation on the role proteolysis might be playing in cognition.

Can AβPP cleavage be understood as branch of a wider system modulating cellular adhesion? {#sec0055}
-----------------------------------------------------------------------------------------

The function of AβPP in the CNS is not fully elucidated. Yet, it is known that AβPP is a potent cell adhesion protein \[[@ref259]\]. A somewhat amusing observation gives a hint on how AβPP cleavage might take part in the modulation of cellular adhesion. Mouse embryonic fibroblasts that are double knockout for presenilins (PS^--/--^ dbKO MEFs) are so strongly adhered to the culture vessels, that one can hear scientists literally smashing the flasks against the bench with all their forces when doing passages of this cell line in the tissue culture room. Otherwise, the cells won't detach! Conversely, HEK cells overexpressing AβPP harboring the Swedish mutation (AβPPsw, which facilitates AβPP cleavage by BACE1) are so loosely attached to the flask surface that experimentalists, when manipulating such cultures, are forced to move as felines do when approaching the prey, with very gentle, extremely calculated moves, because they know well that the least tremor will suffice to detach large patches of the culture layer doing away with their experiment. One even fears that laying too strong a look on the AβPPsw cells would be enough to detach them!

Of course, beyond AβPP, presenilins cleave other substrates that could account for the modified adhesion phenotype in PS^--/--^ dbKO MEFs. But in HEK-AβPPsw cells we have a clear indication on how specific BACE1-mediated AβPP cleavage influences adhesion. Besides, it would be unlikely that AβPP-cleavage was left alone in modulating cell adhesion. On the contrary, if we admit that macroscopic biological responses rarely rely just in one gene, we should rather expect AβPP-cleavage to be a particular example belonging to a more general, wider system of cell adhesion proteins with its corresponding cleaving proteolytic partners.

In this regard, the literature offers an ever-increasing number of works describing how adhesion proteins (other than AβPP) are cleaved by secretases; and also how proteases (other than secretases) cleave adhesion proteins (or extracellular matrix proteins), including AβPP, in the context of synaptic plasticity, learning, and memory. For example,on the basis of previous screening identification \[[@ref033]\], Pigoni and colleagues have recently demonstrated how BACE1 cleaves two transmembrane proteins, Seizure Protein 6 (Sez6) and Sez6-like(Sez6L) \[[@ref261]\], which seem to have cell adhesion functions \[[@ref262]\]. Interestingly, Sez6 proteins are also processed by *γ*-secretase \[[@ref261]\]. BACE1 also cleaves the postsynaptic cell adhesion protein Neuregulin-1 (NGL-1) in the context of myelination \[[@ref028]\]. In turn, NGL-1 is also cleaved by ADAM10, MMP9, and neuropsin. ADAM10 is the *α*-secretase, the protease responsible of AβPP-cleavage in the non-amyloidogenic pathway; Suzuky et al. \[[@ref263]\] showed how, after NMDA receptor activation, ADAM10 cleaves NGL-1 and, as it happens withAβPP-cleavage, a further step of intra-membrane proteolytical processing by *γ*-secretase follows \[[@ref263]\]. MMP9, on the other hand, cleaves cell adhesion proteins such as *Intracellular Adhesion Molecule 5* (ICAM5) and integrins (specially β1-integrins), besides NGL-1. Both ADAM10 and MMP9 participate in synaptic plasticity: ADAM10 is required for synaptogenesis \[[@ref161]\] and MMP9, when locally released, sculpts dendritic spine morphology \[[@ref264]\]. Another protease cleaving NGL-1 is Neuropsin, which in turn cleaves the cell adhesion protein NCAML1 \[[@ref267]\] in the context of neural plasticity. Finally, the presynaptic adhesion molecule Neurexin 3β is processed either by *α*- and *γ*-secretases \[[@ref268]\]. Neurexins are the presynaptic partners of Neuroligins, and their bipartite cell-adhesion-to-cell-adhesion protein interaction supports synaptic structure: Neurexins and Neuregulins "shake hands" to build the synapse. This means, inevitably, that cleavage of such adhesion proteins by proteases like BACE1, MMP9, Neuropsin, ADAM10, or *γ*-secretase must dismantle the synapse, or at least destabilize it.

Thus, from this perspective it seems clear that AβPP-cleavage is integrated into a wider network of cell adhesion proteins which, together with its associated processing proteases, is involved in the modulation of cell adhesion to the extracellular matrix (ECM); and that this activity-induced modulation is something crucial in synaptic plasticity.

Parsimoniously with the general belief that cellular consolidation of long-term memory implies the growth of new connections and the rearrangement of the existing ones \[[@ref151]\], it is possible to conceive the active modulation in adherence-strength of spines and synapses to the ECM as a pre-requisite for subsequent structural rearrangements. Indeed, the vast majority of proteins found in the post-synaptic density are in fact adhesion molecules \[[@ref269]\]; and a multiple-pathway analysis from two genome wide association studies points to cellular adhesion molecules pathways as major contributors to AD \[[@ref270]\]. This seems to support an initial memory-loss phenotype for AD triggering, connected with the adhesion properties of AβPP and the activity of its associated proteases (secretases).

However, if AβPP is just a component of a larger web modulating cell adhesion, why is it so that AβPP is the only protein (together with PSs, which are AβPP-cleaving enzymes) targeted by pathogenic FAD mutations? And if Aβ-accumulation in the brain of non-demented individuals is accepted as a criticism to the amyloid cascade hypothesis, why such a "miss processing" of AβPP would not similarly have to result, necessarily, in a memory deficit phenotype?

Once again, thinking in AβPP-cleavage as a member of a larger network supporting memory-related plasticity processes may help to imagine how such a system (with all its components) is able to resist a certain number of hits, having nodes which are more vulnerable than others, etc. Without underestimating Aβ-derived neurotoxicity, which, as a result of miss regulated AβPP cleavage, might constitute the second hit (after the loss of activity-modulated cell adhesion) knocking down the system.

HRI-kinase: A new effector arm in NO-signaling? {#sec0060}
-----------------------------------------------

Nitric oxide (NO) is a highly diffusible, gaseous free radical involved in a plethora of physiological responses, including macrophage activation, vascular tone regulation or memory processing. Two main canonical pathways have been related to NO-physiological signaling hitherto: 1) cyclic GMP (cGMP) production, through the intermediary activation of guanylate cyclase, and 2) protein nitrosylation, consisting in the direct covalent binding of NO into amino acidic residues of proteins. Recently, two reports have brought forth compelling evidences supporting a role for the HRI kinase as a downstream mediator of NO-signaling; by exploring the same underlying molecular mechanism, these works showed how neuronal NO activates the translation of BACE1 \[[@ref145]\] and GluN2B \[[@ref149]\], respectively, via HRI kinase-mediated eIF2*α* phosphorylation \[[@ref145]\].

Thus, the existence of a novel third branch in NO-signaling might be suggested. In this alternative pathway, NO would behave as a translation facilitator for uAUG-bearing transcripts ([Figs. 7](#adr-3-adr180089-g007){ref-type="fig"} and [8](#adr-3-adr180089-g008){ref-type="fig"}).

Nevertheless, very little is known about the function of HRI in the nervous system yet. In 2013, Viader and colleagues found HRI to be the effector kinase in a model of peripheral neuropathy secondary to mitochondrial dysfunction \[[@ref271]\]. Concerning, however, what might be a physiological role for HRI kinase in neurons, and to the best of our knowledge, just three works have been published to date \[[@ref142]\], which will need further confirmation by other groups. Intriguingly enough, although the vast majority of known NO-dependent responses in neurons rely on cGMP production, other transduction pathways that signal through redox events are thought to be possible. NO participates in the wiring of the CNS by regulating growth cone motility, filopodial dynamics, and neurite outgrowth-retraction \[[@ref272]\]. Cyclic GMP is involved in all these processes. But it is nevertheless interesting to note how this dynamics growth versus retraction is also coherent with a putative translational activation of either BACE1 \[[@ref145]\] (a dismantling protease) and GluN2B \[[@ref149]\] (a NMDA-receptor subunit linked to neurite outgrowth and synaptic strengthening \[[@ref273]\]). Furthermore, studies using the cGMP inhibitor \[[@ref001]\] oxadiazolo-\[[@ref004]\]quinoxalin-1-one\] (ODQ) suggest that "the oxidation of one or more redox-sensitive proteins, such as hemo-proteins, is likely involved in mediating the effect of ODQ on neurite outgrowth and retraction" \[[@ref274]\]. ODQ is commonly used as a specific cGMP inhibitor, although ODQ is, in fact, a non-selective oxidizer of heme groups thus able to target other heme-proteins besides sGC \[[@ref275]\]. Therefore, the heme-protein HRI kinase \[[@ref129]\] could be, in principle, a good candidate for mediating such orphan NO-depending effects in neurons.

However, the signaling properties of NO were not appreciated in neurons in the first place, but in the vascular wall. Furchgott and Zawadzki postulated, in their pioneering works during the 1980s, the existence of an *endothelial-derived relaxing factor* (EDRF) that would depart from the endothelial cells towards the underlying vascular smooth muscle cells, inducing miorrelaxation \[[@ref276]\]. Later on EDRF was shown to be NO \[[@ref277]\]; and a substance with "EDRF activity" was described in the cerebellum as being the node linking NMDA receptor activation with cGMP production in the postsynaptic compartment \[[@ref117]\].

Here we propose to take a small detour the other way around. Because we found HRI transcript to be expressed as well in smooth vascular cells ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}B), and given the tremendous importance of vascular tone regulation for human health (including brain performance), we decided to briefly discuss the potential role of HRI kinase as a NO sensor in the vascular wall.

### Vascular implications {#sec0065}

If HRI is to behave, through its heme-prosthetic groups, as a NO-sensor involved in translational facilitation in neurons, it seems reasonable it could play a similar role in the vasculature as well, where NO signaling plays such an important part. Specially, if we take into account that, beyond cGMP production, from which the majority of NO-derived physiological functions in the vasculature derive \[[@ref279]\], there exist two cationic channels (known to play a major role in the control of vascular tone and reactivity) which are translated from mRNAs harboring uAUGs-bearing 5'UTRs. Thus, hypothetically, these two channels could respond positively to the NO/HRI/*p*-eIF2*α* pathway to promote smooth muscle cell (SMC) relaxation ([Fig. 12](#adr-3-adr180089-g012){ref-type="fig"}). These two genes are KCNMB1 (Potassium Calcium-Activated Channel Subfamily M Regulatory Beta Subunit 1, also known as "BK channel subunit- β1") and KCNN3 (Potassium Calcium-Activated Channel Subfamily N Member 3, also known as SK3). Although the mere presence of uAUGs in the 5'UTRs, *in silico* detected, does not necessarily imply a translational facilitation of these mRNAs in response to eIF2*α*-phosphorylation, it is nevertheless a necessary prerequisite: the sequence-foundation needed for mRNA translation activation in response to a potential NO/HRI induced ribosomal skipping mediated *via* eIF2*α* phosphorylation ([Fig. 12](#adr-3-adr180089-g012){ref-type="fig"}C).

![Heme-regulated eIF2*α*-kinase (HRI) activation by nitric oxide (NO) (A), HRI mRNA expression in different cellular types (B), and hypothetical model for NO/HRI-induced translational activation of cationic channels at the vascular wall (C). A) Diagram depicting NO-mediated signaling, including HRI kinase activation. HRI kinase activation by nitric oxide may constitute a third branch of NO-mediated intracellular signaling, by which translation initiation in uAUG-bearing transcripts becomes facilitated. B) Profile of HRI mRNA expression in different cellular types. HRI mRNA expression was detected in all the cellular types assayed, including human aortic vascular smooth cells (HA-VSMCs) and human cerebral vascular smooth cells (HC-VSMCs). (--), negative control without input RNA. C) Hypothetical model for NO/HRI-induced translational activation of cationic channels at the vascular wall. After NO is synthesized in the endothelial cells, it diffuses to the adjacent VSMC where, theoretically, it could activate the VSMC-resident HRI kinase; this would in turn facilitate the translation of uAUG-bearing transcripts such as those coding for the β1 subunit of the BK channel (KCNMB1), and the SK3 channel (KCNN3), respectively. Both cationic channels depicted in the figure (KCNMB1 and KCNN3) are calcium activated potassium channels (K~*Ca*~). eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; mtNOS, mitochondrial nitric oxide synthase; iNOS, inducible nitric oxide synthase; Cell lines: Raw, macrophages; BV2, microglia; SH-SY5Y: human neuroblastoma; LCFSN: traqueal epithelial. Primers used for semi-quantitative RT-PCR amplification: AGGAACAAGCGGAGCCG(mHRI_F); CCGACCAGTCCTTACGCC (mHRI_R). \[446 bp amplicon\].](adr-3-adr180089-g012){#adr-3-adr180089-g012}

The channels codified by KCNMB1 and KCNN3 are both members calcium-activated potassium channels (K~Ca~), which comprises also intermediate conductance channel (IK) \[[@ref287]\]. The opening of K~Ca~ hyperpolarizes the membrane of vascular SMC, inducing a closure of voltage-dependent calcium channels, and opposing vasoconstriction \[[@ref288]\]. Both cited channels are found in the vascular wall, showing a very specific subcellular localization.

BK channels are virtually present in all vascular SMC \[[@ref287]\], while they are scarce in endothelial cells \[[@ref289]\]. The BK channel is formed by *α* subunits, forming the pore, and β, regulatory, each one with different roles in modulating the pharmacology and activation of this channel. However, the β1 is the predominant subunit in vascular smooth muscle cells (VSMCs) and seems to be responsible for the regulation of physiological calcium regulation \[[@ref292]\]. The deletion of this subunit leads to an important decrease in calcium sensitivity in BK channels, inducing a more depolarized membrane potential and finally to increase in arterial blood pressure \[[@ref294]\]. Similarly, the blockade of BK channels by Iberotoxin induces membrane depolarization, higher intracellular calcium and vasoconstriction \[[@ref294]\].

KCNN3 in turn, encodes the small-conductance calcium-activated potassium channel SK3. This channel is mainly expressed in the vascular endothelium, participating in hyperpolarization and contributing to vasodilatation \[[@ref287]\]. There are few evidences supporting a functional role for these channels in the VSMC. However, this is a controversial subject as it was demonstrated the presence of apamine-sensitive channels (apamine is a SK3 blocker) in VSMC from several vascular beds as aorta, renal and coronary arteries \[[@ref299]\]. Moreover, in transgenic mice, the suppression of SK3 depolarizes endothelial cells and VSMC, reducing the diameter of resistance vessels and elevating arterial pressure \[[@ref302]\].

The first indication relating NO signaling and potassium channels comes from the 1990's, when Archer and colleagues (1994) \[[@ref303]\] observed that patch-clamp of rat VSMC showed an enhancement in potassium current, induced by NO and cGMP, after using a phosphatase inhibitor (okadaic acid). This inhibitor delays dephosphorylation and was able to increase the potassium current in cells sensitive to NO, indicating that the stabilization of protein phosphorylation has an important role in the activity of these channels. These facts demonstrated an important role of phosphorylation in calcium-activated potassium channels responsive to NO. In the same year, Bolotina et al. (1994) demonstrated that NO, coming from endothelium or exogenously added, could directly activate K~Ca~ in VSMC, not requiring cGMP \[[@ref283]\]. However, the nature of the mechanisms by which the maintenance of phosphorylation could be leading to potassium current enhancement, or how was K~Ca~ being directly activated by NO, was not elucidated. Interestingly, more recent reports using a polyclonal antibody against BK channels have shown BK-channel expression to be induced by NO in the supra-optic nucleic and neural lobe of rats \[[@ref304]\], opening the door for speculation about a possible contribution of the HRI kinase in this effect.

Hence, given the properties of HRI as a NO sensor, its expression in VSMCs ([Fig. 11](#adr-3-adr180089-g011){ref-type="fig"}B), and taking into consideration its potential target mRNAs, the possibility cannot be ruled out that HRI inhibitors and/or activators could eventually be exploitable as therapeutic tools for hypertension treatment.

Involution and retraction: biological substrates of cognition? {#sec0070}
--------------------------------------------------------------

Ever since the Spanish neuroscientist Ramon y Cajal introduced the concept at the close of XIXth century \[[@ref306]\], it has become an undebated matter-of-course assumption that the neuroanatomical substrate of cognition rests in growth, strengthening & sprouting phenomena in neuron terminals. Nonetheless, present day evidences on a prominent synaptically-summoned proteolytic apparatus \[[@ref145]\] invites us to reconsider whether, beyond being a mere "tinkering-agent"in spine remodeling, proteolytical processing (involving dismantling, destabilization, and even circumscribed physiological death processes) can constitute, by itself, the physical substrate out of which cognition arises.

This would not be a novelty in physiology: examples exist in which biological function arises out of decomposition processes. For example, in the retina (Cajal's favorite organ) light-sensitive cells (cons and rods) undergo a permanent self-renewal decomposition of photopigments, out of which visual perception arises.

Could a similar process occur in the brain? If this would be the case, neurodegeneration could be understood as a drift in cognitive-memory processes: The incapacity to rebuild the system once physiological-decomposition has taken place.
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